Variation in immune gene sequences is known to influence resistance to infectious diseases and parasites, and hence survival and mate choice, across animal taxa. Toll-like receptors (TLRs) comprise one essential gene family in the vertebrate innate immune system and recognize evolutionarily conserved structures from all major microorganism classes. However, the causes and consequences of TLR variation in passerine birds remain largely unexplored. We examined 7 TLR genes in song sparrows (Melospiza melodia), a species that is studied across North America. We then examined sequences from 4 unduplicated TLRs (TLR1LB, TLR3, TLR4, and TLR15) from birds in 2 parts of the species' range (N = 27, N = 6), tested for evidence of selection, and conducted pilot analyses of the role of TLR heterozygosity in survival. We identified 45 SNPs: 19 caused changes in amino acid sequences and 2 of these were likely deleterious. We found no evidence of codonlevel episodic positive selection but detected purifying selection at codons in all TLRs. Contrary to expectations we found no strong correlation between heterozygosity at TLRs and inbreeding coefficient f (estimate ± standard error [SE] = −0.68 ± 0.37, R adj 2 = 0.08, F 1,25 = 3.38, P = 0.08). In addition, pilot analyses revealed no relationship between TLR heterozygosity and survival (β ± SE: 0.09 ± 2.00, P = 0.96), possibly due to small sample size. Further analyses of genetic diversity in TLRs are likely to advance understanding of the effects of innate immune gene diversity on the fitness and persistence of wild populations.
and MacDougall-Shackleton 2016). However, genetic diversity at immune genes is also reduced by population bottlenecks and inbreeding, 2 processes often observed in small populations and species at risk (Keller et al. 1994 (Keller et al. , 2001 Keller and Waller 2002; Knafler et al. 2017) . Decreased diversity in immune genes reduces the fitness and adaptive capacity of populations that may be subject to rapid environmental change and emergent epizootics (Bonneaud et al. 2012) .
While the major histocompatibility complex (MHC) has provided a focus for studies of immune genes in wild populations for years, about half of genetic variation underpinning the resistance of individual animals to parasites is attributable to non-MHC genes (Acevedo-Whitehouse and Cunningham 2006) . In particular, toll-like receptors (TLRs) comprise a gene family that is an essential component of the vertebrate immune system, able to recognize evolutionarily conserved structures from all major microorganism classes (Downing et al. 2010) . Once invaders have been recognized, TLRs activate an acute inflammatory response that is the first line of innate host defense (Netea et al. 2012) . TLRs are well-described in humans and some livestock species but were only recently characterized in passerine birds (Alcaide and Edwards 2011) .
Following the development of passerine primers for TLRs in 2011, researchers have characterized variation in several species and detected directional selection on TLR gene sequences in some species (Grueber et al., 2014; Gilroy et al. 2017 ). However, in many small populations, genetic drift was found to overwhelm selection (Grueber et al. 2013; Gonzalez-Quevedo et al. 2015) . Specific TLR gene haplotypes have been shown to have a positive association with survival (e.g., Steward Island robin Petroica australis rakiura; Attwater's prairie chicken Tympanuchus cupido attwateri; Grueber et al. 2013; Bateson et al. 2016) . In contrast, high TLR diversity was associated with lower survival in the pale-headed brushfinch (Atlapetes pallidiceps) (Hartmann et al. 2014) . In general, TLR variability in livestock may have little effect on individual susceptibility to infectious disease; for example, TLR variation in dairy cattle did not predict uterine disease (Pinedo et al. 2013) . However, it is still unclear whether TLR diversity is likely to affect survival or susceptibility to disease in wild populations, especially those at high risk of inbreeding.
We characterized TLR genes and quantified TLR diversity in song sparrows (Melospiza melodia), a well-studied species which occurs across much of North America (Arcese et al. 2002; Searcy et al. 2004; Owen-Ashley and Wingfield 2006; MacDougall-Shackleton et al. 2011; Grunst et al. 2014) . Some TLR genes (TLR1LB and TLR4) have been investigated in a sister genus (Atlapetes) in Passerellidae (Hartmann et al. 2014) ; here, we present primers and sequences for these and 2 further loci (TLR3 and TLR15). Specifically, we examined TLR sequences, and selection on these sequences, in 2 parts of the species' range: coastal southern British Columbia (Mandarte Island, BC) and southern Ontario (ON), representing Melospiza melodia morphna and Melospiza melodia melodia, respectively (Arcese et al. 2002) . We also conducted pilot analyses of TLR variability and its effect on fitness using the extensive life-history dataset of the Mandarte Island population.
Extensive empirical research on the song sparrow population on Mandarte Island as well as human and bird TLR sequences allows us to make predictions regarding genetic variation within and between populations, the relationship of genetic variation with inbreeding coefficient (f), and how these affect fitness (Keller et al. 1994; Reid et al. 2007 Reid et al. , 2014 Mukherjee et al. 2009; Wilson et al. 2009 Wilson et al. , 2011 Taylor et al. 2010; Grueber et al. 2014; Nietlisbach et al. 2017) . In many species, TLR genes exhibit signs of purifying selection, balancing selection, and episodic positive selection (Ferrer-Admetlla et al.
2008; Mukherjee et al. 2009; Grueber et al. 2014) : we, therefore, predict (1) signatures of selection will be detected in song sparrow TLRs. Prior work has shown that neutral genetic diversity declines with insularity, such that smaller islands and those farther from the mainland exhibit the lowest neutral genetic diversity (Wilson et al. 2009 ). We, therefore, predict (2) that residents of Mandarte Island, immigrants to the island (arriving via a series of larger islands) and ON birds should exhibit differences in genetic diversity, with the greatest diversity found in ON. Finally, neutral genetic variation may be closely correlated with inbreeding f, and both have been shown to affect fitness (Keller et al. 1994; Taylor et al., 2010; Reid et al. 2014; Nietlisbach et al. 2017) . We, therefore, predict that (3a) increased TLR global heterozygosity will be correlated with lower inbreeding f and that survival will be (3b) negatively affected by inbreeding f and (3c) positively correlated with global heterozygosity at functionally variable sites within TLRs.
Methods

Study Systems
The song sparrow population is resident year-round on Mandarte Island, BC, Canada, (~6 ha; 48.6335°N, 123.2871°W), has comprised 4-71 annual breeding pairs from 1975 to present, is socially monogamous but genetically polygynandrous (~28% of chicks have extrapair sires), and is moderately inbred with mean f ~0.06 (Keller and Arcese 1998; Smith et al. 2006; Sardell et al. 2010; Reid et al. 2014 ). The population has been monitored in detail since 1975 (except 1980) to record the identity of all breeding pairs and unmated males, colorband all nestlings at 3-8 days of age, and (beginning in 1993) collect ~50 μL blood from the brachial vein of banded birds (Smith et al. 2006) . These activities have allowed us to genotype all birds hatched on the island since 1993 at 160 microsatellite loci to create a precise genetic pedigree for the population from which lifetime reproductive success and f can be estimated with high precision Nietlisbach et al. 2015 Nietlisbach et al. , 2017 . Immigrants to the island are assigned f of 0 as all immigrants are assumed to be unrelated to existing residents, given that Mandarte is part of a large island meta-population (Wilson and Arcese 2008; Germain et al. 2016) . Given an effective re-sighting probability of >0.99 (Wilson et al. 2007 ), annual survival is also estimated with high precision based on annual censuses in late April. For this study, we selected individual song sparrows for analysis to represent a broad range of genetic lineages, as well as 6 immigrants to understand better their genetic contributions to the population and as an outgroup for analysis. Immigrants to the island were assumed to be 1 year of age at arrival.
In 2016, we also collected blood samples from song sparrows breeding at 2 sites in ON, Canada: an eastern ON site (Newboro, 44.633°N, 76.330°W) and a south-western ON site (London, 43.008°N, 81.291°W). These ON sites were not physically isolated from surrounding species-suitable habitat and are within seasonal migration distances of one another. Blood samples were stored in blots on filter paper. DNA was extracted from 3 ON samples from each site using an ammonium acetate protocol (Sarquis-Adamson and MacDougall-Shackleton 2016), and from BC samples following Sardell et al. (2010) .
Identification of Toll-Like Receptors in the Song Sparrow
We initially used TLR primers developed for a range of passerine species (Alcaide and Edwards 2011; Grueber et al. 2012 ), but redesigned primers specific to song sparrow TLR sequences for several loci (Table 1) . Reactions were carried out in 20 μL volumes with buffer supplied by the manufacturer (Agilent Technologies) diluted to 1×, 0.4 mM dNTPs, 20 picomoles forward and reverse primers, 5% DMSO (if needed), 1 unit of Paq5000 DNA polymerase (Agilent Technologies) and 15-20 ng DNA. Polymerase chain reaction (PCR) temperature profiles followed Alcaide and Edwards (2011) : an initial denaturing step of 94 °C for 3 min, then 35 rounds of 94 °C for 40 s, the specific annealing temperature (Table 1) for 40 s, and 72 °C for 1 min 20 s, then a final extension step of 72 °C for 10 min. For some loci, PCR conditions varied depending on the population of origin (Table 1) . PCR products were run on 1% agarose gels and either excised from the agarose or directly purified with Promega Wizard SV Gel and PCR Purification Kit. Purified products were then sequenced in both directions on an Applied Biosystems 3730S DNA Analyzer at the University of British Columbia Sequencing and Bioinformatics Consortium. In some cases, walking primers were required to cover the entire sequence in both directions.
Sequences were aligned in MEGA version 6 (Tamura et al. 2013 ) and visually inspected for single nucleotide polymorphisms (SNPs). Unique SNPs were confirmed through multiple sequencing runs and at least 2 PCRs. Sequences were translated in MEGA to determine the presence of any premature stop codons, indicating a possible pseudogene. Additionally, the blastx tool at National Center for Biotechnology Information (www.ncbi.nlm.nih.gov) was used to find matches of translated TLR sequences within the amino acid database to confirm sequence identity. Phasing within DNAsp v 5.10.01 (Librado and Rozas 2009 ) was used to identify haplotypes present in each individual using 10 000 iterations, with a thinning interval of 100 and 10 000 burn-in iterations. DNAsp was then used to identify synonymous and nonsynonymous SNPs and calculate haplotype and nucleotide diversities. PROVEAN (Protein Variation Effect Analyzer) v 1.1 predicts whether an amino acid substitution affects the biological function of a protein; after identification of nonsynonymous SNPs, PROVEAN was used to identify amino acid substitutions likely to be deleterious (Choi et al. 2012) . All substitutions are marked on amino acid alignments (Supplementary Material).
Prediction 1: Evidence of Selection in TLR Sequences
Codon-based analyses of selection are phylogenetically controlled and compare synonymous versus nonsynonymous nucleotide substitution rates at each codon to identify sites where the selection is at work . Positive Darwinian selection occurs when an allele or haplotype confers a fitness advantage, thereby increasing the frequency of the haplotype (e.g., through a "selective sweep") and decreasing heterozygosity at the locus. Positive selection leads to changes in the amino acid sequence and hence protein structure and/or function, while negative selection results in the amino acid sequence being maintained, possibly because of protein structural or functional constraints.
We examined TLR sequences for evidence of selection using both codon-based and haplotype-level tests. Codon-based tests were carried out using the HyPhy package (Kosakovsky at the Datamonkey server (www.datamonkey.org; Delport et al. 2010) using phased haplotypes obtained via DNAsp (see above). We looked for evidence of positive and negative selection using the fixed effects likelihood model (FEL) and the mixed effects model of evolution (MEME) Murrell et al. 2012) . FEL uses a coding alignment and a maximum likelihood method to determine nonsynonymous (dN) and synonymous (dS) substitution rates per site (Kosakovsky Delport et al. 2010) . MEME is similar to FEL but uses a mixed-effects maximum likelihood approach to detect episodic positive or diversifying selection at individual sites (Murrell et al. 2012) . Statistical significance for both FEL and MEME was set at the default 0.1 (also see in Grueber et al. 2014; Dalton et al. 2016; Gilroy et al. 2017 ). Finally, we used RELAX (Wertheim et al. 2015) to test whether selection has been relaxed or intensified in TLR genes in BC versus ON sparrow populations.
In addition to codon-based analyses, we also used haplotype-level tests to detect evidence of balancing selection across all sites (Weedall and Conway 2010 ). Specifically, we tested Tajima's D using DNAsp (Librado and Rozas 2009; Tajima 1989 ). This test has been used traditionally to detect departures from neutrality, with significantly positive values indicating balancing selection (selection for maintenance of diversity) and significantly negative values indicating directional selection or purifying selection (Weedall and Conway 2010) .
Prediction 2: Population Differences in TLR Sequences
Haplotype frequencies were tested for deviation from HardyWeinberg equilibrium with Hardy-Weinberg exact tests (Guo and Thompson 1992) in Genepop v 4.2 (Rousset 2008 ). All Genepop P-values were estimated using Markov Chain algorithms; MC parameters were 10 000 dememorizations, 1000 batches, 10 000 iterations per batch for each analysis. Genepop was also used to test for linkage disequilibrium between pairs of loci using pairwise loglikelihood ratio tests. Genepop was additionally used to test if population differences could be determined for each locus using haplotype frequencies and Fisher's exact probability test. Next, allelic richness (a measure of genetic diversity) was calculated using rarefaction for resident and immigrant Mandarte birds as well as ON birds using HP-RARE v.1.1 (Kalinowski 2005) . Rarefaction allows the calculation of allelic richness for populations from which varying numbers of samples were collected, to control for the likelihood of finding rare alleles with greater numbers of samples (Kalinowski 2004) . The number of gene copies collected at the smallest group (here 12, because N = 6 birds were sampled from ON and N = 6 were immigrants to Mandarte Island) is used to estimate allelic richness of all populations at that sample size (Kalinowski 2004 ). Population differences in haplotype frequencies and allelic richness were tested between immigrant and resident Mandarte Island birds, and between ON and BC birds.
Prediction 3: TLR Variability and Fitness
Inbreeding is expected and observed to reduce heterozygosity in song sparrows and many other species (e.g., Keller and Waller 2002; Nietlisbach et al. 2017) . We, therefore, tested for a relationship between inbreeding (f) and multilocus heterozygosity (H all ) using 44 SNPs at 4 TLR loci. H all was calculated by dividing the number of heterozygous SNPs by the total number of SNPs, whereas f was calculated from a genetic pedigree (Nietlisbach et al. 2017) . We performed a linear regression with H all as the response variable and f as the predictor in the statistical environment R v 3.3.1 (R Core Team 2016). Because immigrants are assigned f of 0, we repeated this analysis without immigrants (N = 27 individuals in the first analysis, N = 21 individuals in the second analysis). Prior results show that both f and microsatellite-based estimates of heterozygosity are correlated with individual fitness in Mandarte Island song sparrows (Nietlisbach et al. 2017 ), but how immune gene diversity affects fitness is unknown in this species. Protein function is affected by DNA sequence variation at nonsynonymous sites only; we, therefore, calculated heterozygosity for nonsynonymous SNPs only (H non ). Here, we used Cox mixed effects models in the R package "coxme" v 2.2-5 (Therneau 2015) to examine annual survival: such models are appropriate for survival analyses with perfect detection such as that possible on Mandarte Island (Grambsch and Therneau 1994) . We included lifespan (years) as the response variable, f and H non as explanatory variables, and natal year as a random effect. One bird was still alive at the time of writing, so we included a censor variable. The dataset included 27 birds sampled over 7 years.
Results
Identification of Toll-Like Receptors in Song Sparrows
Of the 10 TLR loci previously characterized in passerines, we successfully amplified 7, in 14-27 individual song sparrows collected on Mandarte Island from 2005 to 2015. Specifically, we amplified TLR1LB, TLR3, TLR4, TLR5, TLR7, TLR15, and TLR21, but not TLR1LA, TLR2A, or TLR2B. All products contained multiple polymorphic sites, but upon translation we found TLR5 to be a likely pseudogene with early stop codons and frameshifts. In addition, TLR7 and TLR21 had ambiguous polymorphic sites in several sequences. TLR7 is known to have been duplicated early in passerine evolution (Grueber et al. 2014) , while TLR21 has also been found to be duplicated in other passerine species (Antonides et al. 2017) . TLR5, TLR7, and TLR21 were therefore dropped from our analyses.
Products for TLR1LB, TLR3, TLR4, and TLR15 were amplified and sequenced in 26-27 song sparrows from Mandarte Island and 6 from ON (Table 2 : GenBank accession numbers MG986072-MG986151). A total of 45 SNPs representing both synonymous (26 SNPs) and nonsynonymous (19 SNPs) variation were found, resulting in 7-16 haplotypes per locus. Nonsynonymous variation in nucleotide sequence was relatively common in Mandarte Island song sparrow TLR genes, ranging from 4 (TLR4) to 5 nonsynonymous SNPs (all other loci; Table 2 ). However, the number of nonsynonymous changes was more variable in the ON samples, from 0 in TLR4 to 9 in TLR15 (Table 2) . Although we list the number of synonymous and nonsynonymous SNPs per population in Table 2 , it is important to note that in the context of a single population, the dN/dS ratio is relatively insensitive to the strength of natural selection and therefore is not a meaningful metric (Kryazhimskiy and Plotkin 2008) . Some of these amino acid differences resulting from nonsynonymous changes resulted in similar functionality at the site, while others changed functionality, as assessed by comparison of the functional group of the sidechain of the substituting amino acid (Table 3) . Analysis of sequences using PROVEAN indicated that 2 nonsynonymous SNPs were likely to be deleterious (score lower than the cut-off of −2.5), with an additional 2 nonsynonymous SNPs close n, number of individuals; SNP, number of variable sites (SNPs); H, number of haplotypes; HD, haplotype diversity; SD, standard deviation; π, nucleotide diversity, N = number of nonsynonymous nucleotide changes, S = synonymous nucleotide changes. Parentheses contain standard deviations.
to the cut-off (scores of −2.399 and −2.358, respectively) ( Table 3) . These "deleterious" changes were found in both the BC and ON populations.
Prediction 1: Evidence of Selection in TLR Sequences
The FEL codon selection test identified codons undergoing negative selection in TLR1LB, TLR3, TLR4, and TLR15. However, we found no evidence of positive selection at any codon in these 4 loci ( Table 4) . Tests of Tajima's D revealed that there was no departure from neutrality for any of the TLR genes under investigation (all P > 0.10). Finally, RELAX indicated that selection in the BC population had been neither intensified nor relaxed when compared with the ON population.
Prediction 2: Population Differences in TLR Sequences
For Mandarte Island birds, TLR1LB, TLR4, and TLR15 did not deviate from Hardy-Weinberg equilibrium, but the deviation in TLR3 was significant, revealing a deficiency of heterozygotes (F IS = 0.338, P = 0.001). Repeating this test separately on immigrant and resident populations indicated that the deviation of TLR3 was found only in residents (residents: F IS = 0.413, P = 0.002, immigrants: F IS = 0.123, P = 0.397). For ON birds, TLR3, TLR4, and TLR15 did not deviate from Hardy-Weinberg equilibrium, but the deviation in TLR1LB was statistically significant, indicating a heterozygote deficiency (F IS = 0.655, P < 0.001). Linkage disequilibrium was not observed between any pairs of TLR loci. Population differences in haplotype frequencies on Mandarte Island were observed between immigrants and residents for TLR1LB and TLR4 (TLR1LB: P = 0.028, TLR4: P = 0.017) but not for TLR3 or TLR15. However, population-level differences in haplotype frequencies between ON and Mandarte Island birds (the latter including residents and immigrants) were evident at all loci (P < 0.001, each locus). While allelic richness was lower for the resident Mandarte Island population (6.25 ± 0.68) than for the immigrant population to Mandarte Island (7.75 ± 0.25), this difference was not significant (t-test, t = −2.231, df = 3, P = 0.112). Allelic richness was somewhat higher in samples from ON (8.25 ± 0.63); overall, allelic richness was significantly higher in ON samples than in BC samples (t-test, t = −3.354, df = 3, P = 0.044).
Prediction 3: TLR Variability and Fitness
The relationship between multilocus heterozygosity and f was negative (Prediction 3a: estimate ± standard error [SE] = −0.676 ± 0.368, R adj 2 = 0.084, F 1,25 = 3.38, P = 0.078, Figure 1 ). The effect size suggested a 20% decrease in multilocus heterozygosity as f increased from 0 to 0.0625; f = 0.0625 results from matings between first cousins and is close to the population mean on Mandarte Island (Reid et al. 2014) . The relationship did not change appreciably after removing 6 immigrants (assigned f = 0 in the absence of pedigree information; −0.833 ± 0.500, R adj 2 = 0.081, F 1,19 = 2.77, P = 0.112, Figure 1 ). With the most highly inbred individual (f = 0.166) removed (Figure 1) , the relationship between heterozygosity and inbreeding coefficient was weakened (immigrants included: −0.626 ± 0.419, R adj 2 = 0.047, F 1,24 = 2.23, P = 0.148; immigrants excluded: −0.793 ± 0.590, R adj 2 = 0.041, F 1,18 = 1.81, P = 0.196). Annual survival was not predicted by inbreeding f (Prediction 3b: β ± SE = −1.30 ± 5.10, P = 0.80) or by TLR heterozygosity at functionally variable sites (Prediction 3c: β ± SE = 0.09 ± 2.00, P = 0.96).
Discussion
We characterized 4 TLR sequences from 2 populations of song sparrows, a highly polytypic and widespread passerine (Arcese et al. 2002) . Several SNPs were identified at each TLR, including both synonymous and nonsynonymous substitutions. We detected negative or purifying selection at all TLRs but found no evidence of positive selection. We further observed that sparrow populations in BC and ON differed in TLR allele frequencies as well as in TLR diversity. Within the Mandarte Island population, multilocus heterozygosity among all SNPs at all 4 genes (H all ) was inversely related to inbreeding f. However, unlike relationships reported between microsatellite multilocus heterozygosity and f (Taylor et al. 2010; Nietlisbach et al. 2017) , the relationship was not statistically significant, possibly due to small sample size. Neither f nor estimates of multilocus heterozygosity at TLR SNPs predicted annual survival. Together these findings suggest that functional variation in toll-like receptors may vary across populations, but that overall conservation of protein structure and function is maintained.
Codon-level tests for signatures of selection detected negative or purifying selection at all TLR loci, but evidence of episodic positive selection was not found. Meanwhile, at the haplotype level, no balancing selection or directional selection was detected; however, because the effects of selection are averaged across all codons, this test is not able to detect weak evidence of selection Gilroy et al. 2017 ). Overall, Prediction 1 (that evidence of selection would be detected in TLR sequences) received support. Negative or purifying selection is thought to occur in TLR genes to maintain protein structure (Mukherjee et al. 2009 ), due to the key role of TLRs in the innate immune response where they present a front-line defense against pathogens (Downing et al. 2010) . Specifically, TLRs recognize motifs that are present in many classes of pathogens; mutations may decrease the utility of this genetic surveillance system (Mukherjee et al. 2009 ). Though the purifying selection is commonly found in TLRs, evidence of episodic positive selection has also been reported in TLRs for passerine birds in general (Grueber et al. 2014 ). These findings suggest that pathogen-mediated selection has acted on TLR sequences historically, with purifying selection occurring at intervals between selective sweeps (Grueber et al. 2014) . While the small population on Mandarte Island may experience genetic drift, similar to other island populations (Grueber et al. 2013; Gonzalez-Quevedo et al. 2015) , the selection was neither relaxed nor intensified on any of the BC TLR loci when compared with TLR in the less-isolated ON population.
Based on haplotype frequencies, TLR sequences from BC song sparrows were genetically distinct from ON song sparrows, providing support for Prediction 2 (that populations would differ in their TLR sequences). Immigrants to Mandarte Island could be genetically distinguished from birds from lineages resident on Mandarte Island for 2 or more generations via haplotype frequencies at 2 TLR loci but did not differ at the remaining 2 loci. Similarly, allelic richness was low for Mandarte Island residents and somewhat higher for immigrants, though this difference was not significant. This pattern of decreasing allelic richness with increasing insularity mirrors patterns of neutral genetic variation at microsatellite loci in the larger meta-population of song sparrows within the Georgia Basin of BC (Wilson et al. 2009 ). Interestingly, more severe declines in neutral genetic diversity are reported in song sparrow populations isolated in urban anthropogenic "habitat islands" than those isolated on physical islands (MacDougall-Shackleton et al. 2011 ). Heterozygosity at variable sites in song sparrow TLRs (H all ) was negatively but not significantly related to inbreeding coefficient f, offering some support to Prediction 3a (that H all would correlate with inbreeding coefficient f). This lack of statistical significance probably derives from small sample size (N = 27). This view is supported by the fact that strong correlations between f and multilocus heterozygosity have been widely reported using larger samples of microsatellite loci (N = 1966 (N = individuals, Nietlisbach et al. 2017 . In contrast, neither f nor heterozygosity at functional sites (H non ) predicted survival, thus failing to support Predictions 3b (that f would be negatively correlated with survival) and 3c (that H non would be positively correlated with survival). These observations contrast with prior results indicating that survival declined with increasing f, and increased with heterozygosity at neutral markers in Mandarte Island song sparrows given large sample sizes (Nietlisbach et al. 2017) . Piertney (2016) suggested that variability at functional markers will be superior to neutral variation when assessing the adaptive scope of individual animals, as has been shown in some species (Bateson et al. 2016) . We suggest that larger samples be used to estimate correlations between genetic variation at functional sites in TLR genes and individual fitness measures such as survival and lifetime reproductive success.
Toll-like receptors have also been explored in other passerine populations that, like the song sparrows on Mandarte Island, are small and insular with a history of bottlenecks (Grueber et al. 2012; Dalton et al. 2016; Gilroy et al. 2017 ). However, these populations receive no natural immigrants, while ~1 song sparrow immigrates to the Mandarte Island population every year (Keller et al. 2001; Wolak and Reid 2016) . This difference may explain why TLR diversity in the number of haplotypes observed was higher on Mandarte Island (11-16) than in insular populations elsewhere, where haplotypes numbered between 1 and 5 for the same genes in each species (Grueber et al. 2012; Dalton et al. 2016; Gilroy et al. 2017) . These results are consistent with prior work showing that a small number of immigrants to the Mandarte Island song sparrow population can rapidly replenish neutral genetic variation lost in serial population bottlenecks (Keller et al. 1994 (Keller et al. , 2001 ). In the case of functional loci, such as TLR, song sparrow immigrants to Mandarte Island may act to "rescue" TLR diversity over time. Similarly, an artificial rescue of TLR diversity occurred after the translocation of only a few birds between 2 highly inbred populations of New Zealand South Island robin Petroica australis (Grueber et al. 2015) .
In summary, we examined sequences from 4 TLR loci from 2 song sparrow populations. Evidence of negative or purifying selection was found for all 4 loci. Cumulatively, these results suggest that toll-like receptors offer a promising route to understanding the causes and consequences of immune gene variation in wild populations.
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